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Abstract: As the regulations and consumer preferences in Europe tend to favor more energy-efficient
household appliances, companies have to find innovative ways of saving electric energy during the
operations of those appliances. One such method in dishwasher design is to reduce heat energy loss
to the surrounding environment and reuse heat energy during the washing cycle, thus minimizing the
time that heaters are operating. In this study, a numerical simulation involving computational fluid
dynamics is implemented to speed up the iterative process of improving efficiency. The washing cycle
has been simplified to include only the most critical moments of dishwasher work, and non-important
components have been excluded. A workflow of simulations and numerical methods employed for
this task is presented. The numerical simulations are compared with real-life experiments to assess
their accuracy and verify boundary conditions. Geometric and washing cycle improvements are
compared with the base design and show satisfactory results.

Keywords: CFD; energy recovery system; multiphase simulations; dishwasher optimization

1. Introduction

The European Union energy label [1] is one of the examples that shows a large amount
of pressure on energy efficiency in the European Union. In terms of the profitability of
production of producers of household appliances, by maintaining or increasing market
share, the critical element defining the competitiveness of the device will not be the ISO
EN requirements constituting conditions for market admission but guidelines for the
requirement for labeling devices, which in the case of large household appliances may
play an important role in the consumer’s decision [2—4]. As the ways of saving energy in
household appliances become more sophisticated, so do the geometry and materials used in
the design. Verification of these improvements also becomes more costly. In recent years, the
amount of computational power available in average workstations and computing stations
has greatly increased, thus allowing computational fluid dynamics (CFD) calculations to
gain popularity in companies specializing in the design of household appliances [5-7]. The
aim of the experiment was to create a theoretical model to map the energy losses in the
working system of a dishwasher and to perform an optimization analysis of the energy flow
in the working systems in order to reduce energy consumption. Previous research proved
that waste heat can be recovered by changing the dishwasher design, thus minimizing
energy consumption [8-11]. The working system of the dishwasher was created using
geometry and input data based on the real model of the dishwasher.

The complexity of the dishwasher washing cycle requires analytical simplification
in order to capture all relations between different components [12,13]; thus, authors have
made simplifications to the washing cycle. Due to this complexity, dishwashers can be
optimized in many different ways [14] and require model-based design optimization in
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order for the changes to be beneficial in all aspects [15,16]. The geometry was prepared
for calculations in ANSYS SpaceClaim 2023R1 software. The computational model was
created in ANSYS Fluent 2022R2 software using the finite volume method to solve the fluid
mechanics equations (i.e., the Navier—Stokes equations). Further references to analyses
using this method will be identified by the acronym CFD. The geometry used to create the
system was taken from actual models of commercially available dishwasher components,
which were then modified for computational purposes to form a coherent whole. Model
simplifications were made to reduce the size of the computational model, thereby reducing
the time required to generate results. The material data for the different materials and fluids
used in the model were derived from the ANSYS Fluent 2022R2 material database or taken
from the literature. During the calculations, simplifications of the physical phenomena and
boundary conditions were made to improve the convergence of the non-linear calculations.

The purpose of the computer simulation of the dishwasher was to identify areas of
heat loss and to introduce a change in the design of the heat exchanger that would allow
cold water to be preheated by recovering heat from the water that is discharged into the
wastewater after the washing cycle.

2. Models and Methods
2.1. Numerical Theory

ANSYS Fluent is a CFD software package widely used to simulate fluid-flow and
heat-transfer phenomena. It employs the finite volume method to discretize the governing
equations of fluid flow and solve them numerically. The primary equations used by ANSYS
Fluent [17] to model fluid flow include:

e  Continuity equations (based on mass conservation);
e Navier-Stokes equations (based on momentum conservation);
o  Energy equation (optional).

By solving these governing equations along with the appropriate boundary conditions,
ANSYS Fluent predicts the behavior of fluid flow, including velocity profiles, pressure dis-
tributions, temperature fields, and turbulence characteristics within the simulated domain.
By the addition of other equations and calculation methods (such as the radiative transfer
equation for radiation modeling), it is possible to calculate complex flow phenomena inside
the ANSYS Fluent package.

Most of the daily flow that is encountered can be classified as turbulent flow. It is
thus worth noting that the vast majority of ANSYS Fluent calculations use the Reynolds-
Averaged Navier-Stokes (RANS) approach to model turbulent flow. The important feature
of RANS is that the turbulent flow field is decomposed into time-averaged mean flow
and fluctuating turbulent components. Turbulent quantities such as velocity, pressure,
and viscosity are modeled using empirical turbulence models, which solve additional
transport equations for parameters such as turbulent kinetic energy and its dissipation rate.
The effect of turbulence on the mean flow is represented statistically, assuming that the
turbulent fluctuations are well-behaved and can be represented by a time-averaged model.
An alternative to RANS is a large eddy simulation (LES). In LES, the large turbulent eddies
are explicitly resolved in the simulation, while the smaller eddies are modeled or filtered
out. The LES captures the large-scale, energetic turbulent structures directly, resolving their
spatial and temporal variations while modeling the effects of smaller-scale turbulence using
sub-grid-scale (SGS) models. Unlike RANS, a LES does not require empirical turbulence
closure models for the resolved scales of turbulence. The LES requires finer spatial and
temporal resolutions to resolve the large turbulent structures accurately. As a result, LES
simulations are more computationally demanding compared to RANS, especially for high-
Reynolds-number flow or flow with fine-scale turbulent features. However, LES provides
more detailed information about the flow field, including turbulence spectra, coherent
structures, and turbulent mixing processes. The LES requires finer spatial and temporal
resolutions to resolve the large turbulent structures accurately. In this application, the
authors have chosen the RANS approach. As a result, a turbulence model had to be chosen.
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An effective turbulence model to begin is a k-omega shear-stress transport (SST) approach,
which (as of recently) is also the default ANSYS Fluent turbulence model. Developed
by Menter [18], this model combines the advantages of both the k-omega and k-epsilon
turbulence models to provide accurate predictions for a wide range of turbulent flow,
including boundary layers, separated flow, and free shear flow. The “shear-stress transport”
in the model’s name refers to its ability to account for the transport of shear stresses, in
addition to turbulent kinetic energy and dissipation rate. This improves the accuracy of
predictions for flow with strong adverse pressure gradients and separation. Besides the
continuity equation and momentum equation, ANSYS Fluent also solves turbulent kinetic
energy (k) and specific rate of dissipation (omega) equations [17,18].

The turbulent kinetic energy equation (k-equation) is given by

%(v)—kv-(puk) = V-[(y%—g—;) Vk] + Dy — pe @

The turbulent kinetic energy dissipation rate equation (omega-equation) is written as

%(v)+v(puk) = V[(Hﬁ—i) Vk] + SR — o @)

where p represents density; u denotes vector velocity; y refers to molecular dynamic
viscosity; u; signifies turbulent viscosity; k is turbulent kinetic energy; w is the specific
turbulent dissipation rate; Py is the production of turbulent kinetic energy due to mean
velocity gradients; ¢ is the dissipation rate of turbulent kinetic energy; 7;; is the Reynolds
stress tensor; «, 5 are constants for the model; and dij denotes a Kronecker delta.

To represent distinct interfaces between water and air inside the computational Eule-
rian domain, the authors have chosen a volume of fluid (VOF) analysis since it allows the
modeling of two or more immiscible fluids by solving a single set of momentum equations
and tracking the volume fraction of each of the fluids throughout the domain. Tracking the
interface(s) between the phases is accomplished by the solution of a continuity equation for
the volume fraction of one (or more) of the phases [1]. For the phase, this equation has the
following form:

1 a — n . .
0q {g (ag0q) + V- ("‘qquq> Say + Zp:l (mpg — mgp) ®)

The interface representation is based on linear geometric reconstruction, thus also
allowing the calculation of phase interaction phenomena such as surface tension effects.
The interface representation by linear segments compared to the actual interface shape is
shown in Figure 1 [17,19].

Figure 1. Comparison between the actual water (gray)-air (white) interface and the one computed
via ANSYS Fluent using the VOF method.

During the project, a need for modeling free convection arose. A free convection
mechanism is driven by the spatial differences in temperature in a given fluid, which
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results in an uneven density of the fluid. The less dense fluid tends to be on top of the
denser one, thus giving rise to a mass flow. In order to capture that behavior, gravity has
to be present in the model. There are many models available in ANSYS Fluent that can
capture buoyancy-driven flow, but the authors have chosen the Boussinesq model [20]
since it is relatively simple and non-demanding in terms of calculational resources. It does
not explicitly model changes in the density of the fluid but rather includes an internal
momentum equation, i.e.,

(o —po)g ~ —pof(T — To)g (4)

where p denotes density, T represents temperature, g is gravitational acceleration, and § is
the coefficient of thermal expansion.

This approximation for the buoyancy flow is only accurate for relatively small differ-
ences in temperature. The applicability can be estimated by the following condition:

B(T—To) <1 (5)

where T is temperature, and S is the coefficient of thermal expansion. In this work, the
above condition has been satisfied for water.

2.2. Dishwasher Washing Cycle

To show how the dishwasher thermal efficiency has been increased, it is useful to
initially list all of the washing stages, present in the referred logic for the eco-program, since
only some of them have been considered. These stages can be represented in a graphical
diagram, as presented in Figure 2.

Rinse
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Second Rinse

AV4

Rinse aid 60 °C

A V.4

Drying

Pre-rinse

A4

Pre-wash 52°C

AV4

Wash 60°C

Figure 2. Seven distinct stages for an average dishwasher washing cycle.

A short description of each of the stages is now given as follows:

1.  Pre-rinse (softening up of the soil): In the pre-rinse stage, the dishwasher sprays
water onto the dishes to remove any loose food particles or debris before the main
washing cycle begins. This helps to prevent food soil from sticking to the dishes
during the wash cycle.

2. Pre-wash 52 °C (pre-heat load): The pre-wash stage involves spraying the dishes
with water heated to around 52 °C. This temperature helps to soften and loosen any
stubborn food residues, making them easier to remove during the main wash cycle.

3. Wash at 60 °C: During the wash cycle, the dishwasher fills with hot water, typically
heated to around 60 °C. Detergent is also added at this stage to help break down
grease and food particles on the dishes. The water jets spray the dishes, thoroughly
cleaning them.

4. Rinse: After the wash cycle, the dishwasher drains the dirty water and fills with clean
water for the rinse cycle. The rinse stage involves spraying the dishes with hot water to
remove any remaining detergent and debris, leaving them clean and ready for drying.
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Second rinse: Some dishwashers have an additional rinse cycle known as the second
rinse. This stage provides an extra rinse to ensure that all detergent residue is thoroughly
removed from the dishes, reducing the risk of leaving behind any soapy residue.
Rinse aid at 60 °C: The rinse aid stage involves adding a rinse aid solution to the final
rinse water. Rinse aid helps to prevent water spots and streaks from forming on the
dishes during the drying process and also deactivates alkaline detergent residue. The
water temperature during this stage is typically maintained at around 60 °C.
Drying: Once the dishes have been thoroughly rinsed, the dishwasher begins the drying
cycle. During this stage, the dishwasher may use a combination of heated air (using
the heat energy accumulated in the load) and/or fan-assisted drying to evaporate any
remaining moisture from the dishes, leaving them clean, dry, and ready for use.

2.3. Heat Exchanger Operating Principle

The location of the highest thermal flux is the interface between the heat exchanger

and the washing chamber. A heat exchanger is often a wide, flat tank that adheres directly
to the dishwasher chamber. A block diagram of a washing program that includes its role in
each heat exchanger operating step is presented in Figure 3.

Heat exchanger filled
with cold water

\/

Pump with heater draws

cold water

A4

Hot water recirculation

dishes and the air inside.

in the dishwasher
chamber heats the

NS

Water in heat exchanger

accumulated in chamber

is preheated by heat

Figure 3. Heat exchanger stages for an average dishwasher washing cycle.

There are several factors that have to be considered in order to increase the thermal

efficiency of a dishwasher with regard to the heat exchanger [21-23]. The most important are:

1.

Temperature difference: The heat exchanger typically operates at a lower temperature
compared to the dishwasher chamber during the heating phases of the cycle. This
temperature gradient drives heat transfer from the heat exchanger to the dishwasher
chamber, resulting in a higher heat flux.

Large surface area: Heat exchangers are designed with a large surface area to maxi-
mize contact with the fluid (i.e., either water or steam) flowing through them. This
increased surface area enhances heat transfer between the heat exchanger and the
dishwasher chamber, leading to higher heat flux.

Regulation and control: The heat flux between the heat exchanger and dishwasher
chamber is typically regulated and controlled by the dishwasher’s heating system.
Sensors and controls monitor the temperature and adjust the heat exchanger’s opera-
tion to maintain the desired temperature and optimize energy efficiency.

Internal design: Dishwasher manufacturers optimize the internal design of the heat
exchanger to ensure efficient heat transfer during the dishwasher’s working cycle.
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Factors such as flow rates, turbulence, and baffle structure are carefully considered to
maximize heat flux while minimizing energy consumption and cycle times.

In this study, the authors consider changing the internal design of the heat exchanger
as well as the materials of the heat exchanger’s internal structure. The effect of detergents
on the hydrodynamic and thermophysical properties was intentionally ignored. Due to
low concentration of detergents in overall water mass, authors concluded that they do not
influence heat-transfer phenomenon.

3. Numerical Model

Due to the significant length of the dishwasher eco-cycle (about two hours) and the
large number of phenomena occurring during a single cycle, it was necessary to isolate
time intervals and key system elements to identify areas exposed to heat loss. In addition,
the division of the dishwasher cycle into several pseudo-steady states was supported by the
fact that there are significant movements of the free surface of the water in the water tank
of the heat exchanger and the turbulent nature of the free surface sprayed into the washing
chamber. The CFD analyses using algorithms that simulate the dynamic motion of a free
surface are much more computationally demanding than algorithms that do not model
changes in the location of the free surface. The dishwasher was filled with a load consisting
of the geometric representation of ceramic and glass vessels based on a normative load
derived from PN-EN 60436 [24].

The critical moment in the dishwasher’s operating cycle was the moment when cold
water from the network (at a temperature of about 11 °C) was poured into the water tank
in the heat exchanger. At this moment, water at a temperature of approximately 60 °C is
injected into the center of the washing chamber, and the temperature field away from the
contact of the heat exchanger with the walls of the dishwasher chamber is in a steady state.
This is due to a sufficiently long water injection time before the water tank begins to fill.
The whole model, without simplifications, can be seen in Figure 4.

Figure 4. Dishwasher and adjacent elements representation CAD model without simplifications.

The spatial simplification assumes the omission of direct modeling of the air volume
surrounding the dishwasher chamber. This volume is, at least, between the outer surface of
the felt mat and the oak countertop. This simplification assumes the boundary condition
of convection on the outer walls of the dishwasher chamber. To achieve this goal, it was
necessary to determine the heat transfer coefficient « for given surfaces in contact with
the air surrounding the system. This coefficient, later referred to in the report as the heat
transfer coefficient (HTC), was determined by a separate experiment performed in the lab,
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which was then reproduced in the computational environment. The description of the
experiment and the methodology for its mapping in ANSYS Fluent 2022R2 are presented
in Section 4.

Due to the complex geometry of some of the system components (in particular, the
heat exchanger and the walls of the wash chamber), it was necessary to simplify them.
In addition, minor modifications to the geometry were necessary to prepare it for CFD
analyses. The simplification of the reverse-engineered geometry was additionally aimed at:

1.  Reducing the number of surfaces present in the model to more easily manageable
boundary conditions;

2. Facilitating the finite element mesh-generation process;

3. Reducing the number of finite elements in the model;

4.  Facilitating the achievement of a finite element mesh with good quality parameters.

Figure 5 shows a section of the reverse-engineered model, which has been drastically
simplified. The authors had to sculpt the geometry to mimic the real supposed geometry.
This figure also shows a drastic reduction in the amount of fillets and geometrical gaps. As
a result, the ANSYS Fluent Meshing can represent this geometry with a smaller amount of
cells. The only problem was the generation of mesh on a thin-walled solid geometry since
the version of ANSYS Fluent Meshing that the authors had used did not allow the easy
creation of hexahedral elements with given amounts of cell layers in the thickness direction,
and a polyhedral mesh had to be used. In the current release of the software, given the time
of publication, this function should be available. The necessity of geometrical modeling of
thin mats was due to the need to capture their heat capacity, as it cannot be simplified by
using, for example, a shell conduction model.

Figure 5. Comparison of the heat exchanger geometry before (left) and after geometrical simplifi-
cation (right).

3.1. Finite Volume Mesh for Heater Experiment

The mesh of finite volumes distributed over the model had to be sufficiently dense to
accurately reproduce the phenomena of heat exchange and air and water movement. It
also needed to be sparse enough to minimize computational time. The default mesh for the
entire model used in the experiment with heating coils (no mixing/interaction between
phases) consisted of 3,135,187 polyhedral elements with a minimum orthogonal quality of
0.15. The global appearance of the mesh is shown in Figure 6. Figure 7 shows the mesh for
the volume of water (dark gray) and air (other colors) located inside the heat exchanger. It
shows the water level between the dark gray water domain and the orange air domain.
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Figure 6. Volume mesh for the representation of the experimental heater model.

Figure 7. Finite volume mesh for the fluid domains within the heat exchanger.

3.2. Calibration and Verification of Numerical Model

The heat transfer mechanism in a dishwasher is extremely complex, both in the
ways the heat can flow across the model and how the boundary conditions change as the
washing cycle progresses. It was necessary to conduct a simple experiment in which some
of the model parameters could be tested. The straightforward experiment that was chosen
consisted of placing four heating elements freely inside the washing chamber so that they
were positioned close to the center of the chamber and did not touch any of the walls. This
setup can be seen in Figure 8.

Together, these heating elements could generate 500 watts of power and were pro-
grammed such that they would turn off when the air temperature inside the chamber rose
above 60 °C; thus, they could maintain a constant temperature after the initial warm-up.
There was only a two-millimeter layer of butyl mat on the outside of the chamber. The
heat exchanger adjacent to the chamber wall was filled up with water to a given level.
The water inside the heat exchanger was not pumped in or out throughout the duration
of the test, thus giving rise to a buoyancy-driven circulation of the water as it heats up.
The starting temperature of the whole setup was 20.4 °C, as this was the temperature
inside the laboratory. To counteract the stratification of the air inside the washing chamber
during the heating process, a fan was placed at the center of the chamber to create a forced
airflow toward the bottom of the chamber. The ventilation hole occurring between the
heat exchanger and the washing chamber was capped off to minimize the amount of heat
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escaping out of the system. The capping surface is marked in red in Figure 9, which shows
the heat exchanger model in the CAD environment. In reality, this hole provides a path
for heated air to escape to the outside of the system. It therefore had to be plugged since a
correct representation of the air exhaust through the hole would have required the simulta-
neous inclusion of gaps in other parts of the chamber, through which room-temperature
air would have entered the chamber to balance the mass of air in the chamber. Correctly
accounting for the gaps would have required a considerable amount of work, so an easier
path was carried out for the experiment in the form of a closed system, where only heat
had the opportunity to escape outside the system. The largest gap was present between the
dishwasher door and the washing chamber; it was filled up in the numerical model.

Figure 8. Experimental setup of the fan and heating elements inside the dishwasher.

Figure 9. Capped ventilation hole representation in the CAD environment.

This setup was also recreated in simulation software with some simplifications, as can
be seen in Figure 10.

This experiment can show differences between the free convection inside the water
tank, and it can be used to calculate the heat transfer coefficient of air. To verify that the
geometric shape of the chamber, together with the heaters and the rotor, can be replaced by
a convective boundary condition, where the HTC is determined from calculations for the
entire model, a mesh was also created that consisted of the heat exchanger itself, the mat,
and the sheet metal between the chamber and the mat.
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Figure 10. CAD model of experimental setup with simplifications.

3.3. Boundary Conditions for the Heater Experiment

Material parameters for water and air were taken from the ANSYS Fluent 2022R2
material database. The Boussinesq approximation was used to represent the movement
of water due to the buoyancy during its local heating. The lack of free water surface
movement did not require activation of the multiphase model. Due to the air motion in
the turbulent range, the viscosity model used in the calculations was the k-omega SST
with default values. The pressure—velocity coupling used the “coupled” scheme, and the
spatial discretization of the pressure used the “PRESTO!” method. The rest of the spatial
discretization methods used second-order upwind methods. From the technical parameters
of the fan, the mass flow of air was determined, which was 0.041136 kg/s. This condition
(i.e., the mass flow inlet) was set for the bottom surface of the cylinder representing the
fan. The inside of the cylinder was an inactive domain (so-called void). The upper surface
of the fan had an outflow condition from the domain (pressure outlet). On this surface,
the program calculated the mass-averaged temperature, which was set as the temperature
condition on the lower surface of the cylinder. This ensured that the air drawn into the fan
was the same temperature as the air flowing out of it, thus conserving energy in the system.

The four heaters were modeled as solids with a volumetric heat source. Based on
the volume of one heater, which was 5.746158 x 10> m?3, it was calculated that the
required power of the heat source was 2,175,366.5 W/m3. This gave a power of 500 W
for all four heaters during operation. Deactivation of the heat source occurred when the
average air temperature in the chamber exceeded 60 °C. Due to the creation of the mesh in
two separate files (one containing the heat exchanger, the mat at the exchanger, and the
sheet at the exchanger, and the other for the rest of the system), it was necessary to create an
interface between the surface of the sheet and the chamber volume. A convection boundary
condition was applied at the points of contact between the chamber volume and the air
surrounding the system, which considered the thickness of the sheet metal.

The fluid temperature for the convection boundary condition, i.e., the air tempera-
ture around the chamber, was 20.4, and the HTC was determined by numerical calcula-
tions so that the results coincided with the experimental results. Its optimum value was
3.5 W/(m? K). For the chamber-heat exchanger interface, due to the forced air movement,
the HTC had a much higher value of 8.279 W/(m? K) for a fluid temperature of 60 degrees.
This value was obtained from the global model for the last time step. A coupled condition
that considers the sheet thickness was also assumed between the mats, distant from the
heat exchanger and the chamber volume. The outer surfaces of the butyl mats, as well as
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the outer surfaces of the heat exchanger, were given a direct convection condition with
a fluid temperature of 20.4 °C and an HTC equal to the HTC from the chamber volume
condition versus the ambient air. The initialization of the model assumed zero velocity and
a homogeneous system temperature of 20.4 °C. The entire numerical simulation simulated
204 min of real-time in which the dishwasher was operating, which corresponded to the
length of the experiment. The initial time step of the analysis was 0.01 min, and as the sta-
bility of the calculation increased, this was increased to a value of 0.2 min after converting
3 min of analysis time.

3.4. Optimization of the Heat Exchanger

The purpose of the calculations was, among other things, to propose changes to the
design of the dishwasher water system and the water flow diagram in order to improve
energy efficiency. Based on our experience, it was decided to analyze a modified heat
exchanger system through which a 0.4 mm thick aluminum tube was routed. Hot water
would flow through this tube after the rinsing process. At the same time, cold water from
the mains will be poured into the water tank, which will be in direct contact with the outer
walls of the aluminum tube. The opposite movement of the liquid is intended to increase
the amount of heat transferred. In the performed analyses, the inner part of the tube was
not coated to protect the aluminum from the corrosive effect of the heated detergent water
after the rinsing process. The real-world model should take such a surface into account
and investigate its effect on the results in the calculation environment.

The inner and outer surfaces of the tube remain smooth after the manufacturing
process, so it was not necessary to take roughness into account during the numerical
calculations. The geometry of the heat exchanger before and after the changes is shown
in Figures 11 and 12. The cold-water inlet from the mains for both geometries is located
in the same places (represented by the slender red cylinders in Figure 13), but in the
changed geometry, immediately after the inlet to the bottom of the cylinder, the cold water
is directed to the red inlet on the right-hand side. This inlet is adjacent to the hot water
outlet of the aluminum tube. The inlet and outlet of the aluminum tube are next to each
other. This altered geometry completely eliminates the ventilation hole marked in Figure 9.
In Figure 13, marked in red, is the hole that was created to inlet water from the mains to the
water storage tank. The cyan color denotes the lateral surface of the grid water flow path. The
new heat exchanger geometry maximizes the surface area and the time in which the heated
water has the opportunity to transfer heat to the main water. In addition, the use of aluminum
greatly increases heat transfer due to its relatively high thermal conductivity coefficient.

Figure 11. Comparison of heat exchanger reference geometry before (left) and after (right) evaluated changes.
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Figure 12. Comparison of heat exchanger geometry before (top) and after (bottom) changes.

Figure 13. New additional hole through which water flows into the water storage tank indicated
with red contour and arrow.

3.5. Defining the Most Important Working Point in the Washing Cycle

The simulation, crucial for determining the thermal yield, involved filling the storage
tank with mains water at 11 °C. The volume of water that was to be in the filled tank
was 3.15 L. During the filling of the water storage tank, there is a load inside the chamber
consisting of vessels, and water (at a temperature of 60 °C) is injected from the spray arms.
Thus, it was necessary to model the heat-transfer processes inside the chamber due to the
lack of knowledge of the HTC between the sheet at the heat exchanger and the interior
of the chamber. In the chamber, spraying water creates a moving free surface, which was
mapped using the volume of fluid (VoF) method. This was necessary in order to accurately
determine the HTC coefficient of the sheet surface at the heat exchanger because some
of the heated water falls directly on this surface and significantly increases heat transfer.
The two heat exchanger geometries presented in Section 3.4 were simulated. Since the HTC
coefficient at the sheet metal interface did not depend on the geometry of the heat exchanger
(this assumption was verified computationally), the simulation of the original heat exchanger
geometry only considered the geometry of the heat exchanger along with the mat and sheet
directly adjacent to its wall. Since the dishwasher chamber is in a steady state during the
water-pouring process, it was decided to replace the geometry of the chamber sheet, butyl
mats, and felt mats with a boundary condition (i.e., a layer shell conduction). A similar
condition was set for the rear wall of the heat exchanger in contact with the felt mat. The
established temperature field also made it possible to disregard the geometry of the baskets
inside the chamber, which have complex geometries (they would cause a large increase in the
number of elements) but have little effect on the water-splash process.
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3.6. Main Simulation Geometry

Figures 14 and 15 show the geometric form of the system in the computational envi-
ronment for the changed geometry of the heat exchanger. Figure 14 displays an isometric
projection, from which it can be seen that the transparent volume of the chamber contains
voids for the vessels (the voids were automatically filled with mesh during the meshing
process) and flat cylinders containing spray arms in the center. These cylinders, along
with the voids for the arm geometries (here, the voids were left as a void type during the
calculation), are shown in Figure 15. The outer surfaces of the cylinders provided a rotating
interface with the rest of the chamber, allowing for the rotation of the spray arms to be
mapped. Because of the increased computational accuracy around the aluminum tube, it
was decided to represent it geometrically in the computational model.

Figure 14. Geometric form of the system with a modified heat exchanger.

Figure 15. Volumes around the spray arms.

3.7. Finite Volume Mesh for the Main Simulation

As in Section 3.1, an optimal mesh size was created. For the geometry of the re-
vised heat exchanger, including the wash chamber, a mesh was created consisting of
4,588,633 elements with a minimum orthogonal quality of 0.1507. For the geometry of the
original heat exchanger, the number of elements was 1,685,725, and the quality was 0.151.
Figure 16 shows the finite volume mesh for the cross-section of the new heat exchanger
geometry at the ends of the aluminum tube. It shows the density of the mesh around the
tube. Figure 17 shows the mesh spanned by the chamber inlet and the walls of the spray
arms. Figure 18 simultaneously displays the mesh on the XY and YZ cross-sections for the
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chamber and the new heat exchanger geometry. The YZ cross-section shows the interface
between the rotating volume around the spray arm and the chamber.

Figure 16. Finite volume mesh for the cross-section of the new heat exchanger geometry at the ends
of the aluminum tube.

Figure 17. Finite volume mesh for chamber load and spray arm walls.

Figure 18. Finite volume mesh for simultaneous XY and YZ sections for the chamber and the new
heat exchanger geometry.
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3.8. Boundary Conditions for the Main Model

The material parameters for water and air were taken from the ANSYS Fluent 2022R2
material database. Due to the forced flow of water, the Boussinesq approximation was
not used. The viscosity model used in the calculations was the k-omega SST with default
values. Pressure—velocity coupling used the “PISO” scheme, spatial discretization of
pressure employed the “PRESTO!” method, and discretization of volume contribution
utilized the “compressive” method. The rest of the spatial discretization methods used
were first-order upwind methods. The optimal time step for the analysis with the chamber
(the new heat exchanger geometry) was 0.025 s, and for the analysis without the chamber
(the original heat exchanger geometry), it was 0.05 s. The speed of the spray arms was
20 rpm. The mass flux for both spray arms was 0.041583 kg /s, and the temperature of the
sprayed water was 60 °C. At the bottom of the chamber, there were two openings through
which water and air could flow out of the design domain (i.e., the pressure outlet). A
convection condition was assumed for the outer walls, which considered the thickness
of each layer of material (the layer shell conduction). This condition used an HTC of
3.5 W/(m? K) (a value determined from the heater experiment), and the temperature of the
fluid around the domain was 23 °C. For the analysis of the new heat exchanger geometry, a
mass flow rate of mains water at 11 °C was assumed to be equal to 0.05708 kg /s, which
corresponded to filling 3.15 L of water storage volume in 60 s. The same flow rate was set
for the water at the inlet to the aluminum tube; the water temperature was 60 °C.

For the analysis of the original heat exchanger geometry, the sheet metal contact
with the chamber was replaced by a convection boundary condition with an HTC of
29.15 W/(m? K) and a fluid temperature of 60 °C. The HTC value was taken as the averaged
HTC value from the results of the analysis with the chamber. The mass flow rate of main
water at 11 °C for the original geometry of the heat exchanger had a value of 0.01902 kg /s,
which allowed the water tank to be filled in 180 s. The values of mass flow were tested by
the Ordering Party (SANHUA AWECO Appliance Systems). The initialization of solutions
consisted of setting zero velocity and an equal temperature of 23 °C in the domain for the
analysis of the original heat exchanger geometry. For the new geometry, these values were
the same; however, the interior of the chamber had an initial temperature of 60 °C and zero
velocity. A quick pseudo-determination of the temperature field in the model allowed this
simplification of the initial conditions.

4. Results
4.1. Results of the Heater Experiment

The figures included in this subsection show the results for the last time step, i.e., for
204 min. Figure 19 shows a map of vectors on the cross-section of the chamber and heat
exchanger. The vectors are of equal length, but their color depends on the fluid velocity at
a given location. The contour maps for the chamber are pseudo-fixed in nature, i.e., they
may vary slightly between successive time steps. This is due to the turbulent nature of
the flow inside the chamber. Figure 20 shows the temperature distribution over the same
cross-section. A significant temperature gradient between the water in the water tank and
the chamber is clearly visible. Figures 21 and 22 show, in turn, the temperature distribution
in the cross-section of the volume of water contained in the storage tank as well as on the
outer surfaces of this volume. Clearly noticeable is the stratification of temperature in the
vertical direction as well as in the direction normal to the lateral surface of the chamber.
Figure 23 shows a graph comparing experimental results with global model calculations.
The global model, in this case, is considered to include the volume of the chamber, including
the mats, heaters, and fans. The graph shows good agreement between the calculations and
experimental results. Figure 24 shows a comparison of the results of the global model with
the local model. It shows good overlap between the two models for the whole duration
of simulation.
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Figure 19. Map of velocity vectors on the cross-section of the chamber and heat exchanger.
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Figure 20. Contour temperature map on the cross-section of the chamber and heat exchanger.
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Figure 21. Temperature distribution in the tank cross-section showing only the volume of water.
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Figure 22. Temperature distribution on the outer surfaces of the water volume in the storage tank.
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Figure 23. Graph showing a comparison of experimental results with global model calculations.
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Figure 24. Graph showing a comparison of the results of the global model with the local model.

4.2. Results for the Main Model

The figures in this subsection show the results for the final time step, i.e., 60 s for the
analysis of the new heat exchanger geometry and 180 s for the analysis of the original heat
exchanger geometry. Figure 25 shows the distribution of the volume fraction of water in
each cell on a section through the new heat exchanger. A value of 1 indicates a complete
filling of the cell with water, and a value of 0 indicates a complete filling with air. The figure
shows a blurring of the water—air interface due to the use of the sharp/dispersed interface
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modeling option and the relatively large time step of the analysis. However, this blurring
should not affect the heat conduction results because the interface around the aluminum
tube is clear. Figure 26 shows a similar contour map for the original heat exchanger
geometry. Due to the less turbulent water flow and slower mass flux, the water-air interface
has a clearly defined shape. Figures 27 and 28 compare the temperature distributions at the
same cross-sections for the analysis of the new and original heat exchanger geometries in
turn. In addition, Figures 29 and 30 show the temperature distributions on the cross-sections
for the new heat exchanger.

In order to identify areas of the system exposed to heat loss, a contour map of the heat
flux leaving the system was created, which is shown in Figures 31 and 32.

This map shows that the heat exchanger is not an easy pathway by which heat can escape.
The situation is different for the walls of the chamber, in which the highest flux occurs where
the water currently originates from the spray arms. As the water flows through the heat pipe,
it reduces its temperature from 60 to 45 °C, thus giving an average heat transfer at the end
of the analysis of 3.59 kW, assuming a specific heat of water of 4200 J/ (kg K). The average
water temperature in the new heat exchanger geometry at the end of the analysis was 24.82 °C
compared to 13.26 °C for the original geometry (87.18% temperature increase). This provides
a theoretical yield when filling the water tank of 152.94 kJ.

_ —\Y_
water_midplane -
Volume fraction (water)

3\
e

Figure 25. Volume distribution of water and air in the cross-section of the new heat exchanger.

r/\\'
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Figure 26. Volume distribution of water and air in the cross-section of the original heat exchanger.
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Figure 27. Temperature distribution in the cross-section of the new heat exchanger.

temp_mid
Static Temperature [°C]
60

55
50
45
40
35
30
25
20
15
10

Figure 28. Temperature distribution in the cross-section of the original heat exchanger.
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Figure 29. Temperature distribution in the XY section of the new heat exchanger and chamber.
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Figure 30. Temperature distribution in the YZ section of the new heat exchanger and chamber.
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Figure 31. Distribution of heat flux leaving the system, viewed from the upper-right corner.
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Figure 32. Distribution of heat flux leaving the system, viewed from the bottom-left corner.

The amount of heat transferred through the chamber walls to the environment (ex-
cluding the sheet metal-HEX interface) for the case with the new heat exchanger geometry
is 55.48 k] in 60 s, which provides a heat flux equal to 924.62 W. This value will be similar
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to the case with the original heat exchanger geometry because the results are obtained at
a significant distance from the heat exchanger. The large heat flux value is due to the re-
placement of the geometric form of the sheet and the bitumen and felt mat with a boundary
condition (layer shell conduction) that does not consider the influence of specific heat and
thermal inertia of the individual layers.

The additional heat energy accumulated in the loading due to spraying (relative to the
initial temperature) is 526.73 kJ. This loading considers the vessel baskets. This value is the
same for both geometries of the heat exchanger. Due to the replacement of the geometric
form of the sheet and bitumen and felt mat with a boundary condition, it was not possible
to determine the thermal energy stored in these bodies. The heat exchanger was spatially
discretized, and the value of heat stored in its volume for the original geometry is -18.64 kJ.
For the new geometry, the value is 3.46 kJ. The negative value for the original geometry is
due to the significant volume of cool water from the grid inside it (negative energy causes
condensation drying).

5. Conclusions and Recommendations

Due to the complexity of the real system, the dishwasher and its washing cycle
were simplified so that simplifications had minimal impact on the obtained results. The
parameters of fluid temperature and flow velocity in the various parts of the system allowed
us to represent the heat flow for the critical moment of the dishwasher cycle, which was
the stage of filling the water tank. Conducting an additional test, assuming no movement
of the free water surface, allowed for checking the correctness of the modeled system and
determining the HTC for convection boundary conditions for the outer surfaces of the
system. The areas of highest instantaneous heat transfer are identified in Figures 31 and 32.
Increasing the level of insulation can be undertaken by applying a bituminous or felt mat
to the exposed sheet metal surfaces of the washing chamber. The proposed changes to the
geometry of the heat exchanger and the alteration of the flow of heated water, so that it
runs through the heat exchanger, allowed for a significant thermal yield of 152.94 k] when
filling the water tank. This gives a yield of 305.88 k] during the dishwasher’s entire cycle
and a yield of 85,646.4 k] in terms of the dishwasher’s annual operation.

It is worth noting that incompressible smoothed particle hydrodynamics (ISPH) stands
out as a promising numerical modeling method since it is being actively developed in
commercial numerical software, such as Particleworks (v8), at the time of writing this paper.
Unlike the volume of fluid (VOF) method, ISPH offers inherent advantages in handling
free surfaces without the need for explicit interface tracking. Utilizing particles to represent
the fluid domain, ISPH naturally captures intricate surface deformations, such as splashing,
waves, and foam formation, which are characteristic of dishwasher environments. More-
over, ISPH’s meshless nature eliminates the need for a fixed computational grid, making it
adaptable to the irregular geometries and moving boundaries often encountered in dish-
washer chambers. Its numerical stability, even in highly dynamic flow, and potentially
lower computational costs further solidify ISPH’s appeal as a robust and efficient approach
for simulating the complex fluid dynamics inherent in dishwasher operations.
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